Recognizing who is carrying out an action is essential for successful human interaction. The cognitive mechanisms underlying this ability are little understood and have been subject of discussions in embodied approaches to action recognition. Here we examine one solution, that visual action recognition processes are at least partly sensitive to the actor's identity. We investigated the dependency between identity information and action related processes by testing the sensitivity of neural action recognition processes to clothing and facial identity information with a behavioral adaptation paradigm. Our results show that action adaptation effects are in fact modulated by both clothing information and the actor's facial identity. The finding demonstrates that neural processes underlying action recognition are sensitive to identity information (including facial identity) and thereby not exclusively tuned to actions. We suggest that such response properties are useful to help humans in knowing who carried out an action.
Introduction
Influential embodied theories of action recognition (Theory of event coding (Hommel, 2010 (Hommel, , 2011 Hommel, Müsseler, Aschersleben, & Prinz, 2001) ; common coding (Prinz, 1990 (Prinz, , 1992 (Prinz, , 1997 ; direct matching (Rizzolatti, Fogassi, & Gallese, 2001 )) suggest that actions are represented by their sensory consequences. Essential to these theories is that one's own and another person's actions are encoded by the same cognitive representation (hereafter referred to as common code), thereby suggesting an equivalence between the perception and execution of actions. Although these theories provide an elegant explanation for how an observer can efficiently appreciate the consequences of an observed action, they raise the fundamental question of how the brain knows who is carrying out an action: is it the observer or the other person? This problem arises because an activation of a common action code could be due to the execution of the action (i.e. oneself) or due to action observation (i.e. another person). While previous research provided empirical evidence against own and other actions being represented in the exactly same way (Schütz-Bosbach, Mancini, Aglioti, & Haggard, 2006) , the underlying mechanisms for the differentiation are still poorly understood.
An answer to this problem was recently provided by Dolk (2011) , Dolk, Hommel, Prinz, and Liepelt (2013) , Dolk et al. (2014) within their referential coding account. According to this account, action representations also encode information about the spatial location of an action. Because own actions are associated with a different spatial location than other persons' actions, the spatial location can be used to determine which actor (i.e. oneself or another person) caused the activation of an action representation. This theory provides an explanation for how the cognitive system could distinguish between one own and another person's action.
It is important to note that the encoding of the spatial location of an action provides the answer to where an action was carried out but not to who carried out an action. This latter question is, however, of great importance for a many social cognitive processes, especially when one observes the actions of a group of people. Take for example, the Sally Ann theory of mind test (BaronCohen, Leslie, & Frith, 1985; Wimmer & Perner, 1983) . The successful passing of this test requires participants to know who left the room and who placed the marble in the box. Hence, successful functioning in a social environment requires the observer to associate an action with person.
How does the cognitive system associate an action with an actor? Interestingly, current neuroscientific evidence suggests a loose coupling between a person's identity and bodily actions. Research about identity has so far focused on the most prominent cue to a person's identity, facial identity. For example, facial identity is processed in cortical areas (FFA, ATL, OFA) (Anzellotti & Caramazza, 2014; Haxby, Hoffman, & Gobbini, 2000; Nestor, Plaut, & Behrmann, 2011) that have been argued to be selectively sensitive for faces but not bodies (Peelen & Downing, 2005; Schwarzlose, Baker, & Kanwisher, 2005 motion processing has been associated with posterior regions in the superior temporal sulcus (Beauchamp, Lee, Haxby, & Martin, 2003; Pelphrey et al., 2003 ) that were shown not to be correlated with facial identity (Peelen & Downing, 2007; Peelen, Wiggett, & Downing, 2006) . Some evidence even argues for body identity being processed in areas dissociate from action discrimination (Urgesi, Candidi, Ionta, & Aglioti, 2007) . Overall, these results suggest that actions and a person's identity are represented in separate neural substrates.
Nevertheless, a person's identity is undoubtedly relevant in action processing and identity recognition is crucial for interpreting an action. Philipp and Prinz (2010) have for example shown that task-irrelevant identity information can influence action behavior. Furthermore research about social top-down influences on motor processing acknowledges that an actor's identity can modulate action perception (e.g. Shiffrar & Freyd, 1990; Pelphrey, Morris, & Mccarthy, 2004; Knoblich & Sebanz, 2006) . These accounts, however, do not provide an understanding of the underlying mechanisms of the actor-action association.
We revisited the view about the independence of bottom-up processing of action cues from identity by examining the sensitivity of neural action recognition processes to the actor's identity using an action adaptation paradigm. Adaptation paradigms are a powerful tool to behaviorally examine tuning characteristics of neural processes (Barraclough, Ingham, & Page, 2012; Barraclough & Jellema, 2011; Barraclough, Keith, Xiao, Oram, & Perrett, 2009; Dinstein, Hasson, Rubin, & Heeger, 2007; GrillSpector & Malach, 2001; Webster, 2011; Webster & MacLeod, 2011) . Importantly, recent evidence showed that behavioral action adaptation effects similar to the ones employed in the present study correlate with response changes in right pSTS (Thurman, van Boxtel, Monti, Chiang, & Lu, 2016) , demonstrating the usefulness of behavioral adaptation for exploring neural processes underlying action recognition.
In brief, adaptation refers to the change in perception of an ambiguous test stimulus (e.g. a morph between a hug and a push) after the prolonged exposure to an unambiguous adaptor (e.g. a hug or a push). This change in perception is attributed to a transient response change of the neural population underlying the probed visual task during the adaptation period. If the perception of the test stimulus relies at least in part on the same neural populations as the adaptor stimulus, then the response change induced during the adaptation period is assumed to affect the perception of the test stimulus. By examining which visual differences between test and adaptor stimulus are able to modulate the adaptation effect, one can assess the tuning properties of the involved neural populations.
In previous research, we have demonstrated that action adaptation effects are not merely the result of a response change on an abstract non-visual decision level. Rather, action adaptation effects are bound to visual action information. For example, attending to different kinds of visual information of the same action (e.g. to the type of action or the movement direction) alters the magnitude and direction of adaptation effects (De La Rosa, Ekramnia, & Bülthoff, 2016) . Moreover, substituting visual action information with linguistic action information (e.g. using action words instead of action images) completely abolishes the action adaptation effect (De La Rosa, Streuber, Giese, Bülthoff, & Curio, 2014) . Taken together these results suggest that visual action adaptation effects can be reliably linked to visual action information.
Here, we took advantage of the adaptation paradigm to measure the sensitivity of action recognition processes to several potential sources of identity information of the actor. Specifically, the two persons typically differ with respect to their clothing and facial identity, whereby the latter is surely a more reliable cue an actor's identity. In the current study we probed action recognition processes underlying the human ability to tell two actions apart (action categorization) for their sensitivity to clothing and facial identity information. We reasoned that if visual action recognition processes are sensitive to the actor's identity, then action adaptation effects should also depend on the actor's identity. Specifically, in this case we expected action adaptation effects to be stronger when the same actor carries out adaptor and test actions (same identity condition) compared to when different actors carry out adaptor and test action (different identity condition). To increase the external validity of our results, we used a novel augmented reality setup in which participants observed actions carried out by a life-size, human-looking, three dimensional avatar. After participants repeatedly observed the avatar carrying out an adaptor action (hug or push) they subsequently categorized an ambiguous morphed action carried out by either the same or a different avatar as either hug or push.
To this end, we conducted three experiments in which we explored the effect of clothing and facial identity (Experiment 1), facial identity (Experiment 2), and clothing (Experiment 3) of the actor on action adaptation effects.
Material and methods

Participants
In each of the three experiments we tested a new set of 24 participants from the local community in Tübingen who gave written informed consent regarding their participation. The study was approved by the ethics review board of the University of Tübingen and all experiments were performed in accordance with relevant guidelines and regulations.
Apparatus & stimuli
We used a large screen augmented reality setup in which two three-dimensional, life-sized, male avatars carried out the actions. The use of avatars allowed us to change the identity (as defined by face texture, body texture, and mesh shape) of the avatar without altering the motion. Using this setup, participants visually adapted to a hug or a push action and reported their subjective impression about a morphed action. The morphed actions were calculated as a weighted average of corresponding joint angles between the motion-captured hug and push actions. We used seven different weights, hence as a result there were seven different ambiguous test actions each containing elements of both a hug and a push. Participants' task was to report whether they perceived a test action more as a push or a hug. Participants adapted to a hug and to a push action in separate conditions and we measured participants' proportion of 'push' responses in all experimental conditions. To measure the adaptation effect we subtracted the proportion of 'push' responses in the hug adaptation condition from the ones in the push condition (adaptation difference). Hug and push conditions were tested in four separate experimental conditions in which we varied the actor's identity between the adaptor and test stimuli independently. Hence, we compared the adaptation effects between same (Actor A adaptor -Actor A test ; Actor B adaptor -Actor B test ) and different (Actor A adaptor -Actor B test ; Actor B adaptor -Actor A test ) actor conditions, each for both adaptor actions, resulting in a total of eight experimental conditions.
Procedure
At the very beginning of an experiment, the participant saw each of the seven different test stimuli three times in random order without any adaptation to measure action categorization in the absence of adaptation (baseline condition). The three repetitions of the seven test stimuli resulted in a total of 21 trials. Thereafter every experimental condition started with an initial adaptation phase in which the same action information (hug or push action) was shown 30 times with an inter-stimulus interval of 500 ms. For the first 29 presentations, each adaptor was accompanied by a presentation of a 1000 Hz tone that matched the length of the visual adaptor; the 30th and hence last adaptor was accompanied by a 1500 Hz tone. Subsequently, visual categorization of the test stimulus was probed once. Answers were given by touching one of two virtual square buttons hovering in mid-air in front of the participant, labelled 'hug' and 'push'. The participant's hand was tracked for this. Thereafter, the participant was re-adapted to the current adaptor action four times (with a 1000 Hz tone accompanying the first three repetitions, and a 1500 Hz tone marking the fourth) before being presented with a new, randomly chosen, test stimulus to be categorized. In every adaptation condition, each of the seven test stimuli appeared three times, resulting in 21 trials per condition. Every participant completed each of the eight adaptation conditions probing a different adaptor-test combination.
Results
In a first experiment, the visual differences between the actors executing adaptor and test actions in the 'different identity' condition paralleled natural differences typically observed between two persons. That is, the two avatars differed in terms of their facial identity, body shape details, and their clothing (Fig. 1A) . The executed motions, however, were identical between avatars. Specifically, in the 'different identity' condition, participants were first adapted to one action (hug or push) executed by avatar A or B, and subsequently had to categorize a test action (a morph between a hug and a push action), executed by the avatar that was not used during adaptation, as either 'hug' or 'push'. We contrasted the adaptation effect of the 'different identity' condition with a 'same identity' condition (actions were carried out by avatar A or avatar B only), to determine whether facial or bodily identity cues affect action recognition.
If actions are recognized in an actor-specific manner, we would expect a significantly larger adaptation effect in the 'same identity' condition compared to the 'different identity' condition. Indeed, our observed significant effect of actor identity (same vs. different) on the adaptation difference (difference between the proportion of 'push' responses in the hug adaptation condition and in the push adaptation condition) is in line with action recognition processes being sensitive to the actor's identity. An ANOVA with the two within-subject factors adaptor (push/hug) and avatar (same/different identity) yielded a significant main effect for adaptor (F(1,23) = 94.54; p < 0:001; g Specifically, both avatar conditions yielded a significant adaptation effect (i.e. hug-push adaptation > 0; same identity condition: t(23) = 14.85; p < 0:001; different identity condition: t(23) = 7.24; p < 0.001). Yet, the adaptation effects for 'same identity' were significantly larger than for 'different identity' (t(23) = 3.77; p < 0.01, Cohen's d = 0.57) (Fig. 1B) .
In a second experiment, we wanted to examine whether facial identity information alone is also able to modulate the action adaptation effects. The presence of such an effect would indicate that the difference between same and different identity conditions in the first experiment did not depend solely on clothing or body shape differences. In this second experiment, the two avatars were identical in terms of clothing and body shape and only differed in the texture of their faces ( Fig. 2A) . That is, dynamical features, size, etc. were identical across the two avatars, only the texture of the head was manipulated. The results indicate that facial identity does in fact modulate action adaptation effects. The same ANOVA design as above revealed a significant main effect of adaptor (F (Fig. 2B) . Both the 'same identity' and 'different identity' condition showed a significant adaptation effect (t(23) = 13.13; p < 0.001 and t(23) = 12.94; p < 0.001, respectively), with 'same identity' yielding a significantly larger adaptation effect than 'different identity' (t(23) = 2.08; p < 0.05, Cohen's d = 0.29). Hence, this second experiment supports the notion of action recognition being sensitive to the actor's facial identity.
Finally, we wanted to examine the sensitivity of action recognition processes to an actor's clothing information alone. In a third experiment, we therefore kept the facial identity of both avatars the same while only exchanging the body texture of the avatar, so that the two avatars appeared to be the same person but being differently dressed (Fig. 3A) . The underlying mesh of the avatars was the same, so that the dynamics of their movement were identical. If action adaptation effects are also sensitive to clothing iden- Fig. 1 . A: The avatars used in the first experiment, differing in facial identity, clothes, and body mesh. B: Results of the first experiment. The adaptation difference -computed by subtracting the proportion of 'push' responses in the hug adaptation condition from the ones in the push adaptation condition -is significantly larger in the ''same' than in the 'different' condition. tity information, we should find a modulation of the action adaptation effect between same and different clothing condition. Our results show that, in fact, exchanging the clothing did not significantly modulate the action adaptation effect. The same ANOVA design as above showed a significant main effect of adaptor (F Both the 'same identity' and 'different identity' condition showed a significant adaptation effect (t(23) = 5.52; p < 0.001 and t(23) = 6.73; p < 0.001, respectively), with no significant difference in size (p > 0.05). Hence, the results of the third experiment indicate that clothing alone has only a small and non-significant effect on the modulation of the adaptation effect.
We directly compared the results between the three experiments using separate ANOVAs with adaptor (push/hug) and avatar (same/different identity) as within-subject factors and experiment as a between-subject factor. The significant interaction of the factors experiment and avatar (F(1,46) = 8.87; p < 0.01) shows that the avatar manipulation was significantly different between experiment 1 and 3. This suggests that removing the face manipulation from experiment 1 and presenting the clothing manipulation alone (experiment 3) led to a significant decrease of the congruency effect. This stresses the importance of the face information in the modulation of the adaptation effect. The same interaction between avatar and experiment, however, only reached marginal significance (F(1,46) = 3.55; p = 0.066) for the comparison of experiments 2 and 3. Likewise there was no significant interaction for experiments 1 and 2 (F(1,46) = 1.57; p = 0.22).
Discussion
We investigated whether visual action recognition processes are sensitive to the actor's identity. In three experiments we demonstrated that clothing and facial identity combined as well as facial identity alone modulated action adaptation effects. These findings provide the first evidence that an actor's visual identity has an impact on action recognition mechanisms. Our results therefore suggest that action recognition processes are somewhat sensitive to facial identity and possibly actor-specific clothing cues.
Identity sensitive action recognition processes could be an explanation for the long standing problem of embodied action recognition theories to associate the actor's identity with an action. Such visually driven recognition processes could provide action representations with information about the identity of the actor. Although a visually driven identification of an actor might not appear to be completely in line with the equivalence of action and perception of embodied action recognition accounts, other evidence strongly suggests that visual information plays an important role in action recognition. For example, we have shown that both visual and motor action information contribute to the recognition of actions , which is in line with embodied action recognition theories. However, we also demonstrated that both types of action information do not equally contribute to action recognition. Namely, visual action information influences the recognition of actions much more strongly than motor action information. This effect is particularly pronounced in situations that are akin to social interactions, i.e. which require the simultaneous observation and execution of actions . We therefore suggest that the association of an action with an actor can be easily explained by embodied theories of action recognition if they allow for visual action information to provide information about the actor's identity.
Previous research suggests that dynamic identity cues (e.g. the way a person carries out an action) influences perception and action in social interaction scenarios (Schütz-Bosbach & Prinz, 2007) . Are the observed effects reported here solely based on visual identity features or on such dynamic identity features? We think that our results are mainly driven by visual identity features. The main reason for this is that avatars behaved in identical ways carrying out the very same actions. Hence our experiment gave no room for avatars to provide any avatar specific dynamic identity information which participants might have used for their action judgments.
Our results are also interesting for the discussion about whether faces and actions are processed by non-overlapping neural substrates and raise the question how identity sensitive action recognition is implemented on a neural level. Specifically, our results can be easily explained by a slight modification of snapshot neurons, part of an influential action recognition model (Giese & Poggio, 2003) . Snapshot neurons are neural units that are sensitive to one body posture of in an action sequence (akin to a single frame of an action movie). A snapshot neuron has facilitating forward linkages to other snapshot neurons encoding the next frames of an action and inhibitory linkages to snapshot neurons encoding preceding frames of the action. This architecture allows for a fast recognition of an action when played in the correct temporal order. Our results can be easily understood within this framework by assuming that snapshot neurons do not only encode the body posture but also the identity of the actors (e.g. facial identity or the combination of facial identity and clothing). Such identity sensitive snapshot neurons would be able to adapt to both action as well as actor information.
Support for the plausibility of this suggestion comes from imaging and physiological studies. First, action adaptation effects very similar to ours have been shown to correlate with activity in the superior temporal sulcus (STS) (Thurman et al., 2016) , which is the same cortical area in which snapshot neurons are assumed to be located (Giese & Poggio, 2003) . Second, a more recent physiological study in monkeys (Singer & Sheinberg, 2010) showed that action selective STS neurons show some sensitivity to the visual appearance of the actor, although the link between this activity and action perception was unclear. Third, face information seems to be available through face selective neural units in the vicinity of action selective regions of posterior STS (e.g. Haxby et al., 1999 Haxby et al., , 2000 Ishai, Schmidt, & Boesiger, 2005) .
Our adaptation findings hence highlight a possible mechanism how action information is merged with identity information, namely by neural action recognition substrates already being sensitive to the actors visual identity. This provides an understanding of how even task-irrelevant identity information can directly influence action perception and behavior, as observed in previous research (e.g. Baess & Prinz, 2017; Knoblich & Sebanz, 2006; Philipp & Prinz, 2010) .
Could the results be explained merely by attentional processes? For example, it is possible that the switch of identities in the incongruent condition drew more attention to the avatars thereby increasing the adaptation effect. If this were the case, we would expect larger adaptation effect in the 'different identity' than in the 'same identity' conditions. However, we find that indeed the adaption effects are smaller in the 'different identity' compared to the 'same identity' condition. Hence the attentional effects outlined above cannot explain our findings.
In conclusion, we demonstrate that action adaptation effects are modulated by an actor's identity. These results provide strong evidence for action recognition processes and the associated action representations being sensitive to the actor's visual identity. Our results therefore suggest a close association between actions and the actor's identity. While action recognition seems to be possible without actor identification (Gilaie-Dotan, Saygin, Lorenzi, Rees, & Behrmann, 2015; Urgesi, Calvo-Merino, Haggard, & Aglioti, 2007) , recruitment of actor-action associations could be particularly useful for social interactions as many social judgments rely on quick recognition of who carried out which action. Many other social cognitive functions also rely on the association between actors and their actions. For example, the attribution of traits or the assignment of mental states to other persons during action observation requires matching action information to an actor's identity. Our results suggest that at least part of this association is done within the action recognition process.
